Within the literature, there are a number of studies investigating the benefits of exhaust gas recirculation, and as a result it has become established as a promising technology for combustion control to allow engine downsizing technology to be advanced. Aside from the dilution effect of exhaust gas recirculation, some of the components, such as NO, CO, and hydrocarbons, can have significant chemical effects. The literature shows that the component within exhaust gas recirculation which has the largest chemical effect on combustion is NO, which can promote or inhibit the onset of autoignition causing reactions within the end gas at high load. The reduction in NOx gases in catalysed exhaust gas recirculation can increase the knock limit at high load, with some authors reporting up to a 5 8 $ crank angle improvement in combustion phasing. There is conflicting evidence on whether this translates to an improvement in fuel consumption, with one study finding a decrease of up to 2% comparing to another finding an increase of 1.5%-3.5%. Crude calculations on the emissions of a 2.0-L direct injection spark ignition engine operating at high load show that in an extreme case the reduction in the calorific value of the inlet charge due to catalysis of the recirculated gases can be up to 4.5%. Despite the potential benefits, the literature on catalysed exhaust gas recirculation is fairly limited and the evidence seems so far inconclusive as to whether this technology may have the potential to further enhance the benefits of exhaust gas recirculation. This article uses current literature to ascertain the potential benefits of catalysed exhaust gas recirculation, compare to pre-catalyst exhaust gas recirculation, and investigates its individual components in more detail to explain how chemical interactions can either promote or inhibit ignition depending on their concentration and temperature.
Introduction
Engine downsizing is widely considered a promising technology with which to achieve improved efficiency and emissions' performance. 1 The reduction in displacement allows efficiency improvements by a reduction in mass and frictional losses, and a reduction in throttling losses due to the engine running at higher loads for a larger part of its operating range. In response to this, many automotive manufacturers have already started introducing downsized engines to their fleets in order to comply with increasingly stringent emissions and fuel consumption targets, although the extent of this has yet to reach its full potential.
Downsized engines can use increased compression ratios and boost pressures to improve their volumetric efficiency, in order to achieve comparable performance to their larger counterparts. However, the level by which these can be increased is knock limited, leading to the need for knock control strategies to be employed.
Traditional methods to control knock involve spark retardation to reduce the peak pressure and temperature in the cylinder, with overfuelling at high loads to protect exhaust components from excessive temperatures, but this can significantly reduce the efficiency of an engine due to both non-optimal combustion phasing and excess fuel wastage. This has prompted research into more novel combustion control methods to allow an engine to run at higher boost and compression ratios, including the following:
Lean boost -the addition of excess air to the inlet charge; 2 Turboexpansion -the over compression of the inlet charge, cooling, and then re-expansion to achieve lower charge temperatures. 3 However, one of the most promising technologies for this purpose is widely believed to be exhaust gas recirculation (EGR) 4 -the introduction of a proportion of the burned exhaust gases back to the inlet charge, which can allow an engine to run at stoichiometric conditions throughout its operating range with high compression ratios and spark timing closer to optimal. 5 
Previous work on the effect of EGR
Knock is caused by autoignition within the end gas, which is heavily influenced by the end gas temperatureand pressure-time histories. 6 These are influenced by three factors, as identified by Grandin et al.: 7 heat transfer, compression, and chemical reactions. EGR will increase the mass of the in-cylinder mixture, therefore reducing the temperature rise via heat transfer and slowing the combustion rate to reduce peak pressures. However, this is counteracted to some extent by a reduced specific heat capacity of the charge since the mass fraction of fuel (which has a higher specific heat capacity (C p ) than the exhaust gases) in the charge is reduced by dilution resulting in a higher specific heat ratio (g). And despite EGR often being described as the introduction of inert gases to the inlet charge, the chemistry of combustion is also affected by some of the components present in the exhaust gases, the most potent of these being NO, CO, and unburnt hydrocarbons (HCs).
Aside from its benefits in knock control, EGR has also been shown to provide significant economy benefits during part-load operation where optimal combustion phasing can be achieved without EGR. 8 This is due to the effect EGR has at these conditions of dethrottling the engine by displacing some of the inlet air, reducing the need for physical throttling to limit airflow into the cylinders.
EGR rates are normally measured by comparing the ratio of CO 2 concentration between the exhaust and inlet manifolds, as shown in equation (1) , which applies to all applications where the inlet composition is not altered by injection of additional components into the manifold EGR rate = Intake CO 2 À Background CO 2 Engineout CO 2 À Background CO 2 ð1Þ
This will give a reliable measurement of the quantity of exhaust diverted to the inlet as long as the reference CO 2 quantity in the exhaust remains constant after being expelled from the cylinder. This may not be the case where there is oxidation of the exhaust gases postmeasurement, from catalysis or continued oxidation after incomplete in-cylinder combustion, or under transient conditions due to the lag time in the measurement.
There are many studies in the literature which investigate the benefits of EGR at high-load and part-load operating conditions. An early example of one of these studies was published by Ricardo 9 as early as 1919 with an experimental investigation into the effect of EGR on knock control. It describes how an inert gas added to the inlet can 'insulate the particles of fuel and air from each other, thereby delaying the rate of flame propagation', which allowed a significant increase in the compression ratio without the onset of knock.
More recently, Cairns and colleagues 1,10,11 have conducted a number of studies comparing the benefits of EGR against other knock control technologies such as lean boost and overfuelling. Their findings were clear that EGR was a significantly more effective knock suppressant than either excess air or fuel, with large fuel consumption benefits of up to 17% at high load coming from the elimination of the need for overfuelling, and significant CO, CO 2 , and HC emissions improvements were also observed. (It should be noted that the CO and HC emissions are very sensitive to variations in relative air-fuel ratio (l), as highlighted by Alger et al., 12 so a large part of the emissions benefits may stem from this.) These studies confirm previous work done by Grandin and Å ngstro¨m, 13, 14 which also highlights the benefit of EGR allowing a stoichiometric charge to be maintained across the full operating range which in turn allows effective operation of a three-way catalyst (TWC).
Comparisons of possible EGR architectures
Within the scope of EGR operation, the potential architectures can take a number of forms. For the most part, these vary by the location from which the exhaust gases are sourced (pre-or post-turbine) and the location where the recirculated exhaust gases are introduced at the inlet side (pre-or post-compressor). A large number of studies focus on either high pressure (HP; Figure 1(b) ) -pre turbine to post-compressoroperation or low pressure (LP; Figure 1(a) ) -postturbine to pre-compressor -operation, with some also including mixed high pressure and low pressure (HP-LP) operation (Figure 1(c) ).
Vitek et al. 15 used simulation methods to compare the effect of four different cooled EGR architectures on a diesel engine over the New European Drive Cycle (NEDC). Their results showed that during steady-state operation at some points on the NEDC cycle, the LP layout showed as much as an 8% brake-specific fuel consumption (BSFC) reduction in comparison to the other architectures. Combining this with the capability of the LP architecture to provide sufficient EGR rates across the entire operating map showed a significant advantage for this layout, despite a poorer transient response than the HP alternatives.
A similar study was conducted by Potteau et al. 16 on a spark ignition (SI) engine which investigated four different EGR architectures via simulation before investigating an HP (Figure 1(b) ) and LP (Figure 1(a) ) architecture in more detail on an experimental engine. The LP EGR loop was in fact sourced from downstream of the catalyst, which would change the chemical composition of the gases introduced to the inlet charge in comparison to the non-catalysed HP loop, and therefore introduces a further variable when comparing the two architectures.
A common problem observed with HP architectures is the availability of a positive pressure differential across the operating map between the inlet and exhaust manifolds to drive the EGR flow. For this reason, Potteau et al. 16 used a throttle upstream of the EGR inlet to create a pressure differential to drive the EGR flow in HP mode. Despite this, they still found the system incapable of producing the required pressure differential at lowspeed, high-load parts of the operating range. They observed a 6.6% BSFC improvement for the HP architecture over non-EGR operation, which compared to a 13.6% improvement for the LP architecture at similar conditions (5500 r/min, 12.9 bar brake mean effective pressure (BMEP)). A large part of this may be attributable to the knock-limited spark advance being only improved by 5°crank angle (CA) for the HP layout, compared to 10°CA for the LP architecture. They concluded that this could be due to both cooler recirculated exhaust gases in the LP layout, and the effect on combustion of the decreased of HC and CO levels due to catalysis of the recirculated exhaust gases.
Alger et al. 12 investigated the use of an uncooled HP EGR loop at low loads and a cooled LP loop for high loads on an SI engine. Although its significance is not mentioned in the study, the LP architecture used the same configuration as that in Potteau et al.'s 16 study and sourced the exhaust gases from downstream of the catalyst. The effect that this would have on the chemical composition of the exhaust gases is not discussed, but despite this the authors conclude that the cooled LP EGR configuration is preferable for knock prevention at high loads (where a BSFC reduction up to 26% was observed due in large part to the elimination of overfuelling), and the hot HP EGR at part loads to help maintain combustion stability while also thermally dethrottling the engine (where a BSFC reduction of up to 3% was observed).
Turner et al. 17 focussed their investigation on the high-load operation (at 5000 r/min) of an SI engine employing an integrated cooled exhaust manifold with a comparison of an HP, LP, and an HP-LP EGR configuration. Their data were for comparatively low EGR rates (up to 6%) which are significantly lower than those used previously in the literature. They concluded that the different architectures had a larger impact on the charging system than they did on the combustion system, and that the LP architecture appeared to offer the least benefit. They also noted that the turbocharger was not well matched to the engine, and that with a less restrictive turbine the EGR benefits may have been significantly improved. Furthermore, the matching of the turbocharger to the engine could have differing effects for each of the EGR configurations. This further highlights the complexity involved in the comparison of different EGR systems.
High-and mixed pressure EGR systems
Several studies have focussed purely on HP EGR to ascertain its benefits versus either lean operation or overfuelling. Galloni et al. 18 and Hattrell et al. 19 used simulation methods to confirm the advantages of EGR, and experimental investigations by Grandin and Å ngstro¨m 13, 14 and Fontana and Galloni 20 provide further confirmation that cooled HP EGR can provide significant fuel consumption benefits (varying between 6% and 15% BSFC reduction at high load between the different studies) where the engine speed is high enough to provide a sufficient pressure differential between the exhaust and inlet ports to drive the EGR flow.
Cairns et al. 11 compared EGR supplied postcompressor (HP) to that supplied pre-compressor (HP-LP) and concluded that although the HP loop was favourable for transient response, it was not possible to drive the EGR rate through the full operating range due to an insufficient pressure differential between the exhaust and intake manifolds. They go on to say that although an LP EGR architecture was not investigated, it may improve on the HP-LP architecture that they did test due to lower cooling demands of the postturbine gas.
LP EGR systems
LP EGR systems are a very active area of research, but research has primarily focussed on the dilution effects of EGR rather than the chemical effects on combustion. Kaiser et al. 21 investigated an LP EGR architecture on a twin turbocharged V6 SI engine, citing the main advantage of LP EGR as that 'it enables EGR to flow at lower engine speeds where engine knock limited combustion is more of a problem'. Bourhis et al. 22 investigated a similar architecture but with post-catalyst sourced EGR in combination with internal exhaust gas recirculation (IGR) through variation in valve overlaps. They found significant fuel consumption benefits of up to 20 g/kW h at part load which they attributed more to variable valve timing (VVT) optimisation rather than the effect of the EGR.
Hoepke et al. 23 also investigated an LP EGR system on a boosted gasoline direct injection (GDI) SI engine and confirmed that it extended the knock limit due to lower end gas temperatures. Their experimental investigations showed maximum fuel consumption benefits of 3%, which compared to 5% predicted by simulation.
Other factors within EGR operation
Topinka et al. 24 investigated the effect of H 2 and CO, both in isolation and combined, on combustion. They found that both compounds can increase the knock limit in an SI engine, attributing the improved combustion performance to the higher octane ratings of these substances, quoting an estimate of 106 for the octane number of CO, and a previous study 25 finding H 2 to have an octane number of around 130. This has led to investigations into the reforming of recirculated exhaust gases through a catalyst with the introduction of fuel to produce hydrogen-rich gas at the inlet. One such investigation, conducted by Fennell et al., 26 shows improved combustion stability with reformed EGR during low-load operation, allowing higher recirculation rates. Although an improvement in combustion was observed, Fennell et al. found no improvement in fuel consumption, primarily due to losses during the reforming process. It must be mentioned that IGR has also been investigated through the use of variable valve trains, where in-cylinder residuals can be increased by a negative valve overlap, effectively introducing hot exhaust gases to the unburned mixture in the cylinder which can reduce throttling requirements and improve part-load performance of the engine. 27 Evidence from the literature suggests that any EGR architecture involves a certain extent of compromise, be it the slower transient response of LP EGR, or the insufficient pressure differential to provide HP EGR flow across the full operating map. Furthermore, the benefits available from EGR operation can fall into two categories: part-load dethrottling for improved efficiency where hot EGR can be more beneficial for combustion stability or high-load knock suppression for optimised combustion phasing, where cooled EGR can be more effective at extending the knock limit.
Comparison between studies Table 1 shows a basic comparison of some of the studies concerning LP EGR at high load with a focus on the maximum observed fuel consumption benefit over operation without EGR. The data initially appear to support the theory that catalysed EGR may be more effective than un-catalysed EGR. However, this is a superficial comparison; although it does present a promising picture for catalysed EGR, other variations in experimental conditions may be more significant for the trends shown.
Studies focussing on catalysed EGR
Grandin and Å ngstro¨m 13 state that the end gas reactions can also be reduced 'by either lowering the temperature of the end gas, or by decreasing the concentration of radicals by chemical intervention'. A TWC converts NOx, CO, and HCs into N 2 , CO 2 , O 2 , and H 2 O, therefore altering the chemical compounds available from EGR if it is sourced from downstream of the catalyst.
Several investigate the use of a catalysed EGR system in an LP architecture without any mention of the chemical significance of this and without any comparison of performance between the catalysed loops and equivalent un-catalysed loops. 12, 16, 22 Very few examples can be found in the literature where this kind of comparison has been made.
Roth et al. 29 considered the advantages of operating an SI engine with BMEP values reaching 17 bar with both LP and HP EGR configurations available to cover the full operating range. Within this study, the authors experimentally compared the effect of post-catalyst versus pre-catalyst EGR for the LP loop. They concluded that pre-catalyst EGR was preferable to catalysed EGR because of the following:
The average BSFC was improved by 1.5%-3.5%, with a higher power production observed for all points despite having up to 5°CA less favourable combustion phasing due to knock. The combustion rate was faster. HC emissions were lower by 30%-40%. Pumping mean effective pressure (PMEP) was reduced by 5%-15% at higher speeds and loads. The pressure differential available to drive the EGR was larger due to the pressure loss over the catalyst, allowing a reduced EGR valve size and larger delivery range.
Roth et al. 29 do mention that a significant amount of IGR, which is of course un-catalysed, was present at some of their test points and therefore could have affected the data produced. At a reference 10% external EGR rate, they record an IGR fraction from 8% up to 48%, dependent on speed, load, and valve timing. This could be a factor in explaining differences between results found in this study and others, where valve timing events may have allowed for more scavenging and therefore lower in-cylinder residuals.
It must also be noted that during their investigation, Roth et al. 29 measured the external EGR rate by calculating the ratio of CO 2 measured in the intake to that in the exhaust manifold (equation (1)). This inherently carries an error when calculating the EGR rates with catalysed exhaust gases since the CO 2 content is increased when the gases pass through the catalyst by conversion of the CO molecules. This error could mean that for a given EGR rate, the total quantity of exhaust gases being recirculated could vary between pre-and post-catalyst operation, and therefore may slightly complicate the results being presented.
Hoffmeyer et al. 30 studied the effects of catalysed EGR with an HP EGR loop on a 2-L four-cylinder turbocharged SI engine and a catalyst within the EGR loop. The authors used a similar process to measure the EGR rate as Roth et al., 29 but calculated that the catalytic process only introduced an error of less than 2% in their study. This is surprising, considering that one of their test points was not operated with a constant lambda, and air-fuel ratio is known to have a large impact on exhaust CO content 12 which would then affect the CO 2 increase post-catalyst.
In contrast to Roth et al.'s 29 study, Hoffmeyer et al. 30 found an improvement in fuel consumption of up to 2% with the catalysed EGR compared to that of the noncatalysed loop, which they attribute to earlier combustion phasing (1.5°-3°CA) as a result of the increased knock tolerance of the engine. They cite the increased heat capacity of the inlet charge due to the increased CO 2 , and the reduction in NO and HCs after catalysis as the primary reasons for the increased knock limit. In consideration of the products involved, Hoffmeyer et al. 30 conducted a sensitivity study to evaluate the contribution of each EGR component on ignition delay time. Their results are shown in Figure 2 , where it can be seen that after catalysis the increase in ignition delay stems primarily from the reduction in NO and C 2 H 2 .
Very recently, research has been conducted at the University of Bath by Lewis et al. 31 on an SI engine with BMEP levels reaching 26.5 bar and a catalyst installed in the EGR loop. Concerns over errors introduced by measuring the EGR rate via the CO 2 ratio between the inlet and exhaust manifolds prompted them to use the mass airflow into the engine as a measure instead. This means that their investigation is carried out with a constant total airflow into the engine (air + EGR) rather than a constant load on the engine, and as such the load and fuelling decrease with higher EGR rates due to the reduction in oxygen in the charge and the engine being set to maintain stoichiometry. Lewis et al. 31 found an increase in the knock limit of up to 6°CA with catalysed EGR for equivalent EGR mass flows, but at equivalent BMEP values the BSFC was found to increase by up to 10%. This is attributed to the lower calorific value of the charge for catalysed EGR due mainly to the oxidation of HCs and CO in the catalyst. One point that was highlighted was that the engine-out CO and HC emissions were considerably higher than would be expected for stoichiometric incylinder operation. They concluded that this was due to the blow-through of fresh air due to valve timing overlaps, causing the engine to be running rich in-cylinder despite the exhaust lambda sensors showing it to be running at stoichiometry. Another effect of rich incylinder conditions is that NOx emissions are relatively low, so the catalysis of the exhaust gases in this study would have offered little benefit from the reduction in EGR NOx content.
Effect of NO on combustion
NO is a highly reactive substance and as such can have a significant impact on the combustion process. A summary of some data from the literature concerning the effect of NO on autoignition for various engine operating conditions and fuels is shown in Table 2 .
As can be seen from Table 2 , the combustion process is very sensitive to NO concentrations, fuels used, and initial conditions, so comparisons between different studies must be made cautiously. In general terms, NO will usually promote autoignition with increasing effect to an upper limit of concentration, beyond which it will retard the ignition. This promoting effect is observed for all fuels with one exception shown in the literature, this being iso-octane as tested by Burluka et al., 32 where the NO showed an inhibitory effect on autoignition.
Both Prabhu et al. 36 and Risberg et al.'s 37 studies confirm that the initial temperature of the charge has a large impact on the autoignition promoting effect of NO on both SI and homogeneous charge compression ignition (HCCI) engines, with a higher initial temperature extending this effect to higher concentrations for all fuels. Risberg et al. 37 go further in confirming that the initial temperature has a larger effect on the combustion chemistry than the initial pressure. When comparing the data from this study with that from Burluka et al. 32 on a ported SI engine, the trends in results seem largely similar for each different fuel, with toluene reference fuels (TRFs) having much more similar characteristics to gasolines than primary reference fuels (PRFs).
The findings of Burluka et al., 32 where the effect of NO on autoignition was negligible with PRFs, are not reflected in Risberg et al.'s 37 study on an HCCI engine where some autoignition promoting effect is observed. Risberg et al. found the PRF to be sensitive to trace amounts of NO, but the promoting effect soon disappeared once the concentration was increased. This effect may be explained by the promoting effect NO has at low/intermediate temperatures on high-octane fuel components such as iso-octane and toluene, as well as its inhibiting effect on low octane components such as n-heptane. 40 Roberts and Sheppard 39 expand further on the mechanisms behind NO effects on different fuels and with different inlet temperatures. They highlight the significance of the negative temperature coefficient (NTC) region, which is more prominent for some fuels than for others. The NTC occurs at the point where the low-/ intermediate-temperature oxidation chemistry begins to slow down with increasing temperature, but below the temperature at which the high-temperature oxidation chemistry becomes the dominant mechanism, and so in this region a reduction in reactivity is observed. They found that for fuels exhibiting more pronounced NTC behaviour (e.g. PRFs), NO will suppress normal autoignition chemistry if the pressure temperature history of the end gas falls within the NTC region for a significant time before autoignition, with the opposite being true for fuels exhibiting little or no NTC behaviour (such as TRFs and unleaded gasolines (ULGs)). This could explain the variation in results obtained by various authors in Table 2 , especially where HCCI results differ from those obtained with SI ignition. Surprisingly, lambda values have been found not to have a significant impact on the effect of NO on combustion. 37 Stenlaas et al. 35 confirmed this with experimentation on an SI engine, but the lower lambda values did show an advanced knock angle compared to lean operation. A surprising result from this particular study is that the inhibitory effect of NO was not observed at high concentrations. The inlet temperature is not divulged so it is hard to assess whether it may be a contributory factor, and the effect of the higher operating speeds in this study may also have had an impact. Considering the evidence presented in Table 2 , it can be seen that the effect of NO on combustion is a complex mechanism involving not only concentration of NO but also initial temperature, fuel composition, and initial pressure (to a lesser degree).
HC oxidation mechanism
Faravelli et al. 41 investigated the kinetic modelling of HC oxidation and the interaction with NO. They state that the temperature for the onset of HC oxidation can typically be reduced by 100-200 K by trace amounts of NO and go on to say that 'NOx can significantly catalyse the oxidation and autoignition of fuels in engines'. This is a mutually sensitised reaction as it is accompanied by the conversion of NO to NO 2 .
Models for the HC oxidation mechanism can consist of up to 5000 reactions involving up to 250 species. 41 In simple terms, the reaction rate during combustion is heavily influenced by the availability of OH radicals and at intermediate temperatures by the availability of HO 2 . These radicals are formed by branching reactions, which are dictated by the temperature region. There is some variation in the literature in defining the temperature regions, with different authors claiming the range for the intermediate-temperature regime to be as follows: 700-800, 42 680-980, 43 800-1050, 44 850-1200, 45 and 750-950 K. 45 The low-, intermediate-, and hightemperature regimes are defined by the chemical mechanisms that operate in those regimes, and for different fuel compositions and pressures this can vary, resulting in the boundaries for the different temperature regions not being well defined.
In production engines, autoignition usually occurs at temperatures of 800-900 K, and therefore primarily occurs during the low-and intermediate-temperature regions of combustion. 46 At temperatures below 850-950 K, the addition of O 2 to the alkyl radical (R, usually of the form C n H 2n + 1 ) is favoured, forming a peroxy radical, as shown in equation (2) R + O 2 ROO ð2Þ
The peroxy radical undergoes internal H-atom abstraction (equation (3)), which is illustrated in Figure 3 , and is essentially the relocation of a hydrogen atom from its original bond with a carbon atom to bond with the oxygen atom at the end of the chain. Further oxygen addition (equation (4)) has a chain lengthening effect resulting in a very unstable molecule. This molecule can undergo another internal H-atom abstraction via reaction (5) which results in chain propagation and chain branching of the resulting molecule (equations (6) and (7)), creating an OH radical pool for ignition.
At intermediate temperatures, the component formed in reaction (4) decomposes back to an alkyl hydroperoxy radical (R#OOH), which in turn decomposes to form OH or HO 2 radicals, and this can happen through three different reaction paths R 0 OOH ! HO 2 + conjugate alkene ð8Þ
At temperatures over 850 K, the alkyl radicals are favoured, resulting in the preferred path becoming R + O 2 ! HO 2 + conjugate alkene ð11Þ
In this intermediate-temperature regime, there is a reduction in reactivity as the temperature rises (often referred to as the NTC), which is due to both the reverse of reaction (4) occurring and the lower reactivity of HO 2 radicals compared to OH radicals.
NOx mechanism
The kinetic mechanisms involved for the interaction of NO in HC oxidation are well documented in the literature. [35] [36] [37] [38] 40, 41, 47 To fully understand the behaviour exhibited by NO addition to combustion, it is necessary to consider the kinetic effects.
The main influence of the NO is to 'increase the chain length and provide a more rapid build-up of the radical pool'. 41 NO combines with peroxy radicals via
In addition to this, NO promotes the conversion of the relatively unreactive HO 2 radicals in to OH radicals via
NO is also formed from NO 2 by
The net effect of reactions (13) and (14) is
which is more active than the recombination reaction
As it can be seen from reactions (12)- (16), NO has a significant effect on the promotion of reactive OH radicals and therefore promotes reaction rates and increases autoignition occurrence. At high concentrations, however, NO has an inhibitory effect on ignition. This is explained by the following reaction paths described by Stenlaas et al., 35 Prabhu et al., 36 Risberg et al., 37 Dubreuil et al., 38 and Faravelli et al. 41 Excessive concentrations of NO result in the scavenging of OH radicals via
And excess NO 2 can also react via
The inhibiting effect is the result of both the competition between reactions (13) and (19) and chain termination effect of reaction (18) . As the temperature rises further ( . 1000 K), the importance of peroxy radicals diminishes, which reduces the enhancing effect of NO. 41 This explains why NO is predominantly significant in the earlier stages of combustion where autoignition is a prominent issue, but has not been observed to have a significant effect on combustion duration or exhaust temperature. 35 Effect of other exhaust components on combustion CO Dubreuil et al. 38 found no effect on an HCCI engine with the addition of CO to the inlet, although they state Figure 3 . Illustration of equation (3), with an example peroxy radical (ROO) forming an R#OOH radical by internal H-atom abstraction.
that 'CO has an accelerating potential, more particularly in the case of intermediate and high temperatures mode'. Furthermore, Topinka et al. 24 investigated the addition of CO and H 2 in combination and in isolation on an SI engine. They stated that the addition of CO increases the effective octane number of the fuel and lengthens the ignition delay and rated the research octane number (RON) of CO to be 106. Topinka et al. 24 proposed two methods for estimating the total octane number for a mixture of components with different octane numbers. The first is an energy-weighted average which weights the octane number according to the lower heating value (LHV) and the mass fraction of each component. The second method is a bondweighted average, which uses the number of critical bonds per molecule and molar fraction of each component. They define the number of critical bonds as those 'that could take part in the spontaneous ignition process', for example, the H-C bonds in HCs. This definition is clouded somewhat in their estimation of the number of critical bonds in CO, which 'is between two and three', but this method does highlight the significance of a component's volatility in assessing octane ratings.
The findings of Topinka et al. 24 on the impact of CO on autoignition highlight the point of Dubreuil et al. 38 stating that the accelerating potential of CO will take effect at higher temperature modes. This evidence suggests that in the low-to intermediate-temperature region ( \ 900 K) where autoignition will usually occur, CO will in fact help to increase autoignition delay times, but will help to accelerate combustion above this temperature. Both these qualities are beneficial for knock prevention, since for a constant start of ignition an increased flame speed will reduce the time over which the end gas will heat up due to radiation and will increase the chance of the flame enveloping the end gas before autoignition has occurred.
The conversion of CO to CO 2 in the catalyst also results in an increased quantity of CO 2 . The CO 2 has no significant chemical effect on the kinetics of combustion, but it does provide the thermodynamic effect of increasing the heat capacity of the end gas, which slows the flame propagation during combustion. 30 
HCs
As with any additive, the effect of the addition of HCs will depend on the RON of the HCs added in comparison to the RON of the fuel. In the sensitivity analysis of each EGR component on ignition delay time conducted by Hoffmeyer et al. 30 (shown in Figure 2 ), they pick out C 2 H 2 and C 3 H 8 as the HCs, which have any significant effect on ignition timing. C 2 H 2 has a high knock tendency in comparison to saturated HCs 48 and reacts via equation (20) to form OH radicals
The removal of C 2 H 2 from EGR tends to increase the ignition delay and therefore reduce the tendency to knock. C 3 H 8 has a high RON, so will increase the ignition delay for most fuels. Its removal from EGR therefore reduces the ignition delay, but with less effect than both NO and C 2 H 2 . 30 The sensitivity study conducted by Hoffmeyer et al. 30 (illustrated in Figure 2) found that other HCs that may be present in recirculated exhaust gases had little or no effect on ignition delay.
H 2 O
One component that is not considered in detail by many studies concerning EGR is water. As a product of combustion, it can make up over 12% of emissions, 30 but this quantity is also affected by catalysis of HCs for which water is also a by-product. Existing studies on water injection have shown that it can have a large effect on reducing combustion temperatures and therefore, it reduces the tendency to knock; however, this is mostly attributed to the energy absorbed through its vaporisation. 49 With the water content of EGR mostly being vaporised, this removes any effects of its latent heat and so it acts to slow the early stages of combustion via mixture dilution alone. At high temperatures of up to 2000 K, however, H 2 O can dissociate into H 2 , O, H, and OH and therefore also affect burn rates at the flame front. 50 This has been further investigated by Sjo¨berg et al. 51 with experimentation on an HCCI engine with the main EGR components being varied. They highlight the fact that water vapour enhances the early reactions leading to hot ignition and observed that although this was seen for all fuels that they tested, it is more effective for PRFs than for gasoline and isooctane. This evidence also suggests that the ignition promoting effect of water vapour can be seen at temperatures below that mentioned above at which H 2 O will dissociate. The effect on the specific heat of the charge as a result of HC conversion to water in a catalyst would be negligible, as their specific heats are comparable when the water has been evaporated.
Implications for catalysed EGR
The evidence for the fuel consumption benefits of catalysed EGR is not conclusive, primarily due to the potential error introduced via EGR rate measurement with a catalysed source. The existing literature concerning the use of catalysed EGR does not fully address this issue and therefore cannot give a comprehensive conclusion. However, there is compelling evidence, through the consideration of the species present, that catalysed EGR can improve the knock limit at high load. Whether this increased knock limit is offset by other losses within the system is as yet unclear.
At low loads, it would not be expected that catalysed EGR would show much advantage over un-catalysed EGR due to pressure losses across the catalyst. Slower combustion rates with catalysed EGR, resulting from the decrease in CO content and increase in CO 2 , may also have implications for low-load points, where combustion stability may be affected by lower flame speeds at higher EGR rates. 20 The conversion in the catalyst of any components in the recirculated exhaust gases that may have resulted from incomplete combustion by equations (21)- (23) can reduce the calorific value of the in-cylinder mixture. This reduces the available energy for combustion and can therefore impact the BSFC, potentially offsetting some of the advantage of the more favourable combustion phasing afforded by the use of catalysed EGR
To estimate whether this could be of significance, some basic calculations have been performed using emissions and engine flow data from a 2.0-L direct injection spark ignition (DISI) engine operating at loads of 20-26 bar BMEP with an LP EGR loop and the option of using either catalysed or un-catalysed EGR. 52 These calculations assumed that all HCs in the exhaust were composed of unburned fuel, and so exhibited the same heating value. Since NOx measurements did not distinguish between NO and NO 2 , it was assumed that all NOx was in the form of NO (which has a higher enthalpy of combustion). The calorific proportions of the fuel and EGR components available to the cylinder are illustrated in Figure 4 for un-catalysed EGR rates of 5%, 10%, and 15% at 1500 r/min. For the typical operating points considered, with an EGR rate of 15%, the calculated reduction in total chemical energy to the inlet due to catalytic conversion of the recirculated exhaust gases reached as much as 4.5% at 1500 r/min and 2% at 3000 r/min. As can be seen in Figure 4 , the NOx contributed very little of this value (less than 0.01%) and the contribution of CO and HCs was split fairly evenly.
Importantly, the engine in question was running slightly rich in-cylinder due to valve overlaps, and therefore, the CO and HC emissions were higher than they would be at l = 1 conditions -which will increase the quantity of energy available in the recirculated exhaust. The EGR rates were also achieved with the use of an external EGR pump, so some parasitic losses such as pressure losses through the EGR loop were avoided and the EGR rates achieved may have been higher than reasonably expected with naturally available pressure differentials to drive it. For these reasons, the calculations are most likely an overestimate of what is reasonably expected, and so they only serve as a demonstration that the calorific value of the exhaust gases returned via EGR may also be a significant factor. The effectiveness of catalysis within the EGR loop relies heavily upon the operating regime of the engine since the temperature and composition of the exhaust gas initially entering the catalyst will strongly affect catalyst conversion efficiencies and light-off.
Although this article focuses primarily on in-cylinder effects, catalysed EGR also affects turbo-machinery operation. On the exhaust side, the turbine efficiency is sensitive to inlet temperature, mass flow, and pressure differential. The temperature is affected by the effects of EGR on combustion, and the mass flow and pressure differential are affected if the EGR routing takes exhaust gases from upstream of the turbine. Similarly, the mass flow and pressure differential affect compressor performance, which will depend on whether the EGR is routed into the inlet side pre-or post-compressor. Cruff et al. 28 point out that the EGR rate is limited not only by combustion stability but also by too high a mass flow through the compressor, which can choke the flow and therefore decrease compressor performance. In addition to this, EGR cooling requirements and the compressor outlet temperature limit must also be considered at high EGR rates.
Aside from the study conducted by Lewis et al., 31 none of the studies cited in this article considers the use of catalysed EGR at loads higher than 17 bar BMEP, but further investigation at higher loads (such as those exhibited in Lewis Figure 4 . Representation of the proportion of energy available at the inlet from each component of the charge for 5%, 10%, and 15% un-catalysed EGR rates.
EGR: exhaust gas recirculation; HC: hydrocarbon. Data taken from Lewis. 52 . loads, with improved instrumentation on the catalyst and emissions' measurement, may shed light on a promising technology for knock control.
Conclusion
Conflicting evidence 29, 30 does not permit a firm conclusion on the fuel consumption benefit of catalysed EGR, although it appears to be more effective with HP EGR than with LP EGR. A reliable conclusion cannot be reached without a reliable measurement of the EGR rate that gives a true representation of the total quantity of recirculated exhaust gas within the inlet charge.
A review of the relevant combustion kinetics with additional compounds such as NO, CO, and HCs included in the inlet charge gives compelling evidence that catalysed EGR is capable of increasing the knock limit of an engine for a given EGR rate by up to 5°C
A. 29 A large part of this can be attributed to the removal of NO, which can promote autoignition in the end gas and increase the propensity to knock.
The conversion of HCs, CO, and NO in the catalyst can, however, result in up to a 4.5% reduction (in extreme cases) in the calorific value of the charge for catalysed EGR when compared to equivalent operation with un-catalysed EGR, which has a negative impact on the achievable BSFC. The recorded impact of catalysed EGR on BSFC in the literature has ranged from a reduction of 2% 30 to an increase of 3.5%. 29 In order to further understand the mechanisms behind these figures, further investigation would be required. Some questions that should be addressed include the following:
Would higher levels of instrumentation such as catalyst inlet/outlet temperatures and detailed Fourier transform infrared (FTIR) spectroscopy exhaust gas measurements shed more light on the mechanisms involved? Does the trade-off between the extended knock limit for a given EGR mass flow and the lower calorific value of recirculated exhaust gases provide a potential benefit to engine efficiency? If the maximum achievable EGR rate is reduced by catalysing the exhaust gases, would the extended knock limit compensate for this so that benefits are still seen? Would the extended knock limit reduce the cooling demands on the EGR loop, or would exothermic reactions involved in catalysis override this to increase cooling demands? At higher loads, will the knock control benefit of catalysed EGR become more apparent?
Further work to clarify earlier studies on catalysed EGR could include FTIR analysis of the exhaust composition pre-and post-catalyst in the EGR loop to give further information on the different species of NOx and HCs present; valuable information could also be obtained from the catalyst temperature to understand the catalyst operation further. As Sjo¨berg et al. 51 mention, in practical EGR systems, the water content of the exhaust may partially condense onto cold surfaces resulting in differences in EGR composition and potentially on its effect on combustion. Levels of cooling on EGR circuits could be altered to reflect this (with appropriate drainage of the waste water) in experimental situations to investigate the extent of this effect. The effects of the different components could then be more accurately simulated with either synthetic-EGR or by computer simulation.
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